The purpose of this work was to evaluate hydrocephalic ventricular changes using three quantitative analysis methods. The height, area and volume of the ventricles and brain were measured in 20 Yorkshire terriers (10 normal and 10 hydrocephalic dogs) using low-field MR imaging (at 0.2 Tesla). All measurements were averaged and the relative ventricle size was defined as a percentage (percent size of the ventricle/size of the brain). The difference between normal and hydrocephalic dogs was statistically significant for the average of each ventricle as well as for the percentage value. Five hydrocephalic symptoms were identified: circling, head tilting, seizures, ataxia, and strabismus. With respect to height, area and volume of the brain/ventricle, the difference between normal and hydrocephalic dogs was not significant. The ventricle/brain with height (1D) was related to the area (2D) and volume (3D). The correlations with area and volume were as good as the ventricle/brain height ratio in the case of hydrocephalic dogs. Therefore, one-, two-and three-dimensional quantitative methods may be complementary. We expect that the stage of hydrocephalic symptoms can be classified if statistical significance for ventricular size among symptoms is determined with the analysis of a large number of hydrocephalic cases.
Magnetic resonance imaging (MRI) can provide anatomical and morphological information and MR imaging has been used to evaluate central nervous system (CNS) diseases of humans and animals.
Hydrocephalus is caused by blockage of cerebrospinal fluid (CSF) outflow in the ventricles or in the subarachnoid space by the brain. Alternatively, the condition may result from an overproduction of CSF fluid, from a congenital malformation blocking normal drainage of the fluid, or from complications of head injuries or infections (Horbar et al., 1983; Gaston and Jones, 1989; Del Bigio, 1993; Emerson et al., 1994; Braun et al., 1997) . Furthermore, many veterinarians have an interest in hydrocephalus as the condition is relatively common in certain canine breeds and has been found in clinically healthy Figure 1 . A sagittal view (T1-weighted image: spin echo, TR: 650 ms, TE: 35 ms) of a Yorkshire terrier brain. Transverse images with no gap and 6-8 slices were scanned in this indicated range adult beagles (Vullo et al., 1997; Esteve-Ratsch et al., 2001) . Depending on the shape of the canine head, the main anatomical differences affect brain shape, weight and size, including the size of the ventricles. Murata et al. (1981) and Vullo et al. (1997) have described variations in brain shape, weight, and size but these parameters were not the subject of previous studies. However, enlargement of ventricles and asymmetry have been frequently observed in toy-breed dogs, independent of the head shape (Kii et al., 1997 , Esteve-Ratsch et al., 2001 .
Until now, various approaches for the measurement of hydrocephalic ventricles in canine breeds have been attempted using CT/MRI tomography (Kii et al., 1997 (Kii et al., , 1998 Nykamp et al., 2001) . The imaging modalities have been generally processed by analysis of the morphology alone, such as the ventricle size and volume. It has been reported that the ratio of the ventricle height to brain height was 80% (reference range, 0-14%) and the ratio of the ventricle area to the hemisphere brain was 7.1 % (normal range, 3.0-7.6%) (Vullo et al., 1997; Esteve-Ratsch et al., 2001) . However, an evaluation and comparison of the analysis methods have not yet been reported. Therefore, the purpose of this study was to evaluate quantitatively ventricular alterations of hydrocephalic Yorkshire terriers to calibrate the gauge of the ventricular height, area and volume.
MATERIAL AND METHODS

Animals
Twenty Yorkshire terrier dogs (age range, 2-8 years) that included 10 dogs with hydrocephalic symptoms and 10 dogs without symptoms were used in the study without sex discrimination. All of the symptoms of each hydrocephalic dog were recorded and the age-matched dogs without any symptoms were involved for the comparative study between normal and hydrocephalic dogs. This study was approved by the Institutional Animal Care and Use Committee at the College of Veterinary Medicine, Konkuk University (IACUC No.: KU09047). Examination of the hydrocephalic dogs was performed at the Doctor's Pet Hospital in Seoul, Korea over a five-year period (2004) (2005) (2006) (2007) (2008) (2009) . Although following a physical examination with a hemogram and blood chemistry -complete blood count (CBC), total protein (TP), aspartate aminotrasferase (AST), alanine aminotrasferase (ALT), blood urea nitrogen (BUN) and creatinine (CREA) -were performed, all values were consistent with healthy conditions and the difference between dogs with and without symptoms was also not significant.
Data acquisition
MR experiments were conducted using a 0.2 tesla system (E-scan, Esaote, Genoa, Italy) with human knee coils. Anesthesia was induced with propofol (Anefol, Hana Pham, Korea) which was injected intravenously at a dose of 6 mg/kg. All dogs were intubated and anesthesia was maintained with 1.5% isoflurane (Forane Soln, Choongwae, Korea) in 100% oxygen. Anesthetized dogs were placed in sternal recumbency on the scanning table. Transverse and dorsal T1-weighted MR images were acquired using a repetition time (TR) of 650 ms and an echo delay time (TE) of 25 ms. The slice thickness was 4-6 mm with no gap and the total thickness of images was 4 cm. A total of 6-8 MR image slices were used with a volume of interest (VOI) that covered the whole brain as shown in Figure 1 (a sagittal view). As the brain sizes of the canines were different, the VOI covered changing slice thicknesses and number of slices. Figure 2 shows representative T1-weighted axial images of normal (A) and hydrocephalic (B) dogs at the level of the interthalamic adhesion. 
Analysis
T1-weighted MR images were analyzed across a series of regions of interest (ROI) as illustrated in Figure  3 . In order to measure volumes of the whole brain and left and right ventricles, each section was extracted on all T1-weighted MR images as shown in Figure 3A . These results present the volume as "mm 3 ". Figure 3B shows that the height (mm) of the brain and the height of the right and left ventricles were measured. The heights and areas of both ventricles were measured at the level of the interthalamic adhesion. As a next step, the ventricle to brain height ratio (VBHR, ventricle height/brain height × 100), the ventricle to brain area ratio (VBAR, ventricle area/ brain area × 100) and the ventricle to brain volume 
where: X and Y = VBHR and VBAR in eq (1) X and Y = VBHR and VBVR in eq (2) The data were analyzed using ImageJ (National Institutes of Health, Bethesda, MD, USA) and SPSS (Windows version 13.0; SPSS, Chicago, IL USA). The data were further analyzed with Student's twotailed t-test, in order to compare significant differences among the three determined ratios. P-values ≤ 0.05 were considered as statistically significant. Table 1 shows the heights, areas and volumes for both normal and hydrocephalus cases. Although the height, area and volume of the brain between normal and hydrocephalus dogs were not significantly different (height: P > 0.8, area: P > 0.8, volume: P > 0.5), the measured values of the ventricles were significantly different (all P < 0.01).
RESULTS
Body weight, VBHR, VBAR, VBVR and clinical symptoms of each canine are listed in Table 2 . Body weight was significantly different between normal dogs and dogs with hydrocephalus (P < 0.01). The right and left VBHR, VBAR and VBVR for both normal dogs and dogs with hydrocephalus were measured as shown in Figure 4 . The right and left VBHR of normal dogs was 15.06 ± 4.97% and 17.11 ± 5.06%, respectively. The right and left VBHR of dogs with hydrocephalus was 32.45 ± 4.44% and 35.45 ± 7.19%, respectively. The right and left VBAR of normal dogs was 2.63 ± 1.56% and 2.92 ± 1.57%, respectively. The right and left VBAR of dogs with hydrocephalus was 11.85 ± 7.15% and 11.93 ± 5.86%, respectively. The right and left VBVR of normal dogs was 2.28 ± 1.32% and 2.43 ± 1.23%, respectively. The right and left VBAR of dogs with hydrocephalus was 9.85 ± 3.98% and 11.34 ± 3.71%, respectively. The difference between the right and left side in the same group was not significant (P > 0.1), and all values of VBHR, VBAR and VBAR were significantly different between dogs with and without hydrocephalus (P < 0.001). The VBHR were correlated to VBAR and VBVR as showing Figure 5 . The relationship between VBAR and VBHR was Y = 0.0345X + 0.0111X 2 , R 2 = 0.763 and P < 0.0001. Also, VBVR-VBHR relationship was Y = -0.0562X + 0.0129X 2 -0.00007X 3 , R 2 = 0.936 and P < 0.0001. Hydrocephalic symptoms included circling, head tilting, seizures, ataxia, and strabismus. Particularly, all hydrocephalic canines with the exception of one dog (H02) had a circling action. Figure 4 . VBHR, VBAR, and VBVR were significantly different between normal (n = 10) and hydrocephalic (n = 10) dogs *P < 0.001, **P <0.0001, ***P < 0.00001 
DISCUSSION
Clinically symptomatic hydrocephalus may also occur in particular lines of beagles as a developmental anomaly and in beagle-type mongrels, but symptomatic hydrocephalus does not typically occur in the general beagle population. It has already been reported that the size, symmetry and volume of the lateral ventricles in healthy dogs is variable (Cammermeyer, 1961; Vullo et al., 1997) .
In this work, to quantitatively evaluated hydrocephalic ventricular alterations using three analytic methods. Our findings were that normal dogs had VBHR < 25%, VBAR < 7% and VBVR < 5% while dogs with hydrocephalus had VBHR > 20%, VBAR > 7% and VBVR > 5%. These values may enable standards for a hydrocephalic diagnosis to be estimated. However, these values cannot be absolute standards, as several variables will affect the results such as breed, age, sex and ventricular symmetry.
Several studies (Murata et al., 1981; Kii et al., 1997 Kii et al., , 1998 Esteve-Ratsch et al., 2001 ) that have quantitatively measured ventricular alterations of hydrocephalic dogs using height (one-dimensional analysis, 1-D), area (two-dimensional analysis, 2-D) and volume (three-dimensional analysis, 3-D) of the brain and ventricle have been reported. In this work, we confirmed that the three measurement methods had statistical significance. For statistical significance for 1-D, 2-D and 3-D quantitative analysis, P-values of VBHR, VBAR and VBVR were ≤0.001. However, for higher order dimensional analysis, more data, time and processing stages were required. Therefore, the use of 1-D quantitative analysis that was available for an exact diagnosis of hydrocephalus could save time and effort. The use of 2-D and 3-D quantitiative analysis of hydrocephalus may be superior to 1-D analysis in particular cases. In addition, the three methods may be complementary. Kii et al. (1998) has characterized the period of onset of ventricular expansion and developmental change in ventricular volume in a group of beagle-type dogs. Our study demonstrated that the area and volume of the ventricle were correlated to its height as shown in Figure 5 .
According to the dog breed, the symptoms and anatomical change of a disorder/disease may be different. Therefore, hydrocephalic alteration of each breed deserves to be investigated. In this work, only one dog breed (Yorkshire terrier) was used and the difference between normal animals and animals with hydrocephalus was statistically significant. If hydrocephalus in another canine breed was investigated, a different pattern of results may be observed. In addition, valuable and helpful information can be provided if the hydrocephalic study is conducted after the stage of the hydrocephalic symptoms is classified (Oi et al., 1991 (Oi et al., , 1998 Girard and Raybaud, 2001) . Although the body weight of hydrocephalic dogs was smaller than that of normal dogs in this study, the decrease in the body weight should be considered as a minor symptom for the diagnosis of canine hydrocephalus because a decrease in body weight can be due to multiple causes. Therefore, we concentrated on five symptoms found in hydrocephalic canines in Table 2 : circling, head tilting, seizure, ataxia, and strabismus. Except for H02, circling was observed in most of dogs. Therefore, circling may be a general symptom in the case of a hydrocephalic dog. In contrast, the hydrocephalic dogs with strabismus (H08, H09, and H10) had a larger ventricle size (VBVR > 10%) compared with the other hydrocephalic dogs. Also, the body weight of these dogs were also lower (< 1.6 kg). Consequently, strabismus may be a symptom of late stage hydrocephalus. However, we were not able to finally determine a correlation between symptoms and ventricular size of canines. Therefore, it needs to classify the stage of the hydrocephalic symptoms as statistically significance of ventricular size among the symptoms is found from an analysis of a sufficient number of hydrocephalic cases.
MR imaging allows exact assessment of ventricle size and shape in vivo. Furthermore, advanced MR imaging techniques such as MR spectroscopy, diffusion weighted/tensor and perfusion imaging can identify changes in metabolism, preoperative hemodynamics, and diffusion coefficients. Although several studies (Braun et al., 1997; Corkill et al., 2003; Koudijs et al., 2006; Tarnaris et al., 2009) have already published applications for human hydrocephalus using diffusion and perfusion MR techniques, studies of canine hydrocephalus have not yet been performed. We expect that more innovative results can be obtained if advanced MR techniques are applied to canine studies.
In summary, we have evaluated ventricular alterations due to hydrocephalus in Yorkshire terriers using low-field MR imaging correlated with hydrocephalic symptoms. In addition, we determined that 1-D, 2-D and 3-D quantitative ratios for hydrocephalic ventricle size were significantly higher as compared to normal animals. Thus, these findings can be helpful to analyzing hydrocephalic dogs. Further studies are needed to investigate different dog breeds and the classification of canine hydrocephalus symptom stage.
